
Structure Determination of a New Protein From
Backbone-Centered NMR Data and NMR-Assisted
Structure Prediction

K. L. Mayer,1,2 Y. Qu,1,2 S. Bansal,1,2 P. D. LeBlond,1,2 F. E. Jenney Jr.,1,2 P. S. Brereton,1,2

M. W. W. Adams,1,2 Y. Xu,1,2 and J. H. Prestegard1,2*
1Complex Carbohydrate Research Center, University of Georgia, Athens, Georgia, 30602
2Department of Biochemistry and Molecular Biology, University of Georgia, Athens, Georgia, 30602

ABSTRACT Targeting of proteins for struc-
ture determination in structural genomic programs
often includes the use of threading and fold recog-
nition methods to exclude proteins belonging to
well-populated fold families, but such methods can
still fail to recognize preexisting folds. The authors
illustrate here a method in which limited amounts
of structural data are used to improve an initial
homology search and the data are subsequently
used to produce a structure by data-constrained
refinement of an identified structural template.
The data used are primarily NMR-based residual
dipolar couplings, but they also include additional
chemical shift and backbone-nuclear Overhauser
effect data. Using this methodology, a backbone
structure was efficiently produced for a 10 kDa
protein (PF1455) from Pyrococcus furiosus. Its re-
lationship to existing structures and its probable
function are discussed. Proteins 2006;65:480–489.
VVC 2006Wiley-Liss, Inc.
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INTRODUCTION

The structural genomics initiative set as one of its
objectives the production of protein structures with
novel folds.1,2 The hope was that computational meth-
ods could use these structures to produce structural
models for additional proteins with as little as 30%
sequence identity to these experimentally determined
structures. Finding targets with novel folds for struc-
ture determination has been challenging. Selection is
frequently based on choosing proteins from sequence-
clustered families that contain no members with experi-
mental structures. In the Pfam classification,3 for ex-
ample, there are an estimated 7868 families (Pfam
17.0), only a third of which have one or more members
with a structure in the protein data bank (PDB).4 Logic
dictates choosing targets for structure determination
from families with no PDB representative. Despite the
logic of this procedure, most structures of selected pro-
teins still fall into one of the already well populated
fold families.1 This suggests the need for consideration

of alternate procedures in both target selection and
structure determination. For example, might a limited
amount of easily obtained structural information allow
classification to a previously populated fold family in
the absence of a high level of sequence identity, and if
such a classification were made, might a structure de-
termination be facilitated by knowing its fold classifica-
tion? Here we report the results of a new approach that
answers these questions in the affirmative. It has two
parts; it uses a homology search guided by a limited
amount of NMR data (residual dipolar couplings, RDCs)
to improve threading identifications of structural tem-
plates; it then produces a structure for the protein by
refinement of a model threaded to templates, using
additional NMR data from RDCs and backbone cen-
tered nuclear Overhauser effects (NOEs). The result is
an expanded identification of a structural representa-
tives for some previously unpopulated sequence-based
Pfam families.

NMR is not generally regarded as an efficient approach
to structure determination. Traditional methods are based
primarily on NOEs.5,6 These provide short range con-
straints that are most effective when significant numbers
of NOEs between protons on sidechains packed at the pro-
tein core can be identified. This means that resonances
from sidechains, in addition to the more easily identified
backbone resonances, must be assigned. The assignment
task extends the time required for structure determina-
tion to a period that can span many weeks.6
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There are other types of structurally useful NMR data
that do not require such extensive resonance assignment
and analysis time. We have previously reported the use
of RDC data in both target screening and structure
determination under conditions where no prior reso-
nance assignment is required.7–9 Other authors have
suggested similar procedures, although most do require
prior resonance assignment.10–15 The key to all of these
procedures is the fact that constraints from RDC data
(at least those from directly bonded pairs of atoms such
as 15N��1H in amide bonds and 13C��1H in Ca��Ha
bonds) are orientational in character and can utilize in-
formation from backbone positions without the close
approach of the nuclear pairs being observed. We rely
heavily on RDCs for the target screening and structure
refinement procedure presented here, but we proceed
with significantly less RDC data than required for most
previous methods.
The test case is the 10 kDa (88 residues) protein from

hyperthermophilic archaeon Pyrococcus furiosus corre-
sponding to the coding sequence PF1455. This protein is
not currently assigned to a PfamA family, but it has
homologs in closely related archaeal species (P. hori-
koshii, P. abyssi, and Thermococcus kodakaraensis); none
of which currently have experimentally determined struc-
tures. PF1455 also has a 32-residue C-terminal segment
that is included in Pfam01978, a family that contains a
sugar-specific transcriptional regulator (TrmB, in P. fur-
iosus this is encoded by PF1743). This family also has
no experimental structural representative.
To further minimize the probability of producing

a structure with a known fold, the additional step of
threading the sequence of PF1455 against a structural
database was taken. Threading programs are normally
used to identify templates for structural modeling. When
no suitable template can be found, however, the proba-
bility of a sequence producing a novel structure should
rise. In our case, both Genthreader16,17 and SP318

threading programs were initially used to identify tem-
plates. These programs score templates based on favor-
able residue–residue contacts among other factors. In
neither case was a template with a score higher than a
‘‘guess’’ (E value less than 5.5 or Z-score greater than
5.2) identified. Subsequently, we used the 3D-Jury proto-
col to identify templates.19 This protocol compares re-
sults from a suite of threading programs and scores
based on similarity of identified templates. The highest
Jscore was 34, well below the level of a confident predic-
tion. Although the highest scoring templates shared a
ferredoxin-like fold, available evidence indicated that
PF1455 could adopt a novel fold that would be valuable
in modeling many new sequence-based homologs. The
results from this study will show that the fold is, in fact,
not novel, but can be classified as a common ferredoxin-
like fold. However, we also show that the probable fold
can be identified, and a refined structure produced, with
a small amount of easily obtained NMR data and the
use of new computationally assisted structure determi-
nation techniques.

MATERIALS AND METHODS
Gene Cloning, Protein Expression, and
Purification
Cloning of PF1455

PCR primers were designed based on the P. furiosus
(DSM 3638) genome sequence obtained from the NCBI
GenBank file (RefSeq NC_003413). The PCR product
was cloned using standard techniques20 into the expres-
sion vector pET-24d (Novagen, Madison, WI), which had
been modified to include a His-tag (MAHHHHHHGS-)
at the N-terminus to facilitate immobilized metal affin-
ity chromatography purification. Escherichia coli strain
TOP10 (Invitrogen, Carlsbad, CA) was used for cloning
and E. coli strain BL21(DE3)Star (Invitrogen), supple-
mented with the pRIL plasmid encoding tRNAs for rare
codons (Stratagene, La Jolla, CA) was used for expres-
sion and short-term glycerol stock storage.

Growth medium

M9 minimal medium20 was utilized for cell growth and
expression, with glucose (0.3% w/v) as the carbon source
and 0.1% (w/v) ammonium-15N chloride (Isotec, Miamis-
berg, OH) as the nitrogen source. The medium was fur-
ther supplemented with thiamine hydrochloride (0.0174%
w/v), a vitamin mixture,21 and a metal mixture22 modified
to contain the recommended concentration of iron and
zinc and one tenth the recommended concentration of the
other trace metals. Kanamycin and chloramphenicol were
added to final concentrations of 100 and 25 lg/mL, respec-
tively. For 13C-labeling of the recombinant protein, either
D-glucose-2-13C and D-glucose-1-13C (Cambridge Isotope
Laboratories, Andover, MA) at 0.1 and 0.2% (w/v), respec-
tively, or D-glucose-13C6 (Isotec) at 0.3% (w/v) were substi-
tuted for the unlabeled glucose. The 2-13C, 1-13C labeling
procedure produces a protein with a near-random distri-
bution of 13C at a level of approximately 16% in addition
to uniform (U) labeling with 15N at approximately 98%.8

Large-scale expression

Glycerol stocks were used to inoculate 30-mL starter
cultures of the M9 minimal medium, which were shaken
at 210 rpm at 378C for 18 h. The following day, 15 mL of
the culture was used to inoculate 1 liter of M9 minimal
medium in a 2.5 L Fernbach flask. The culture was
incubated at 378C (150 rpm) for 7.5 h, induced with
1 mM isopropyl-b-D-1-thiogalactopyranoside and then
incubated at 378C (150 rpm) for a further 7 h. The cells
were harvested by centrifugation (5487g, 30 min), resus-
pended in 20 mL of buffer A (20 mM sodium phosphate,
500 mM NaCl, 10 mM imidazole, pH 8.0), and then
stored at �208C.

Purification of recombinant protein

The resuspended cell pellet was thawed, lysed by soni-
cation using a Sonifier 450 (Branson Ultrasonics, Dan-
bury, CT), the cell extract was clarified by centrifugation
(29000g, 45 min) and loaded onto 3 mL of NiNTA immo-
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bilized metal affinity chromatography resin (Novagen) in
a 1.5 3 10 cm Econo-column (Bio-Rad, Hercules, CA),
preequilibrated with at least 10 bed volumes of buffer A.
The column was washed with 5 bed volumes of buffer A
and the protein block-eluted with 3.3 bed volumes of
300 mM imidazole in buffer A. The eluted protein was
concentrated to <1 mL, diluted to 15 mL with buffer B
(20 mM Tris, 2 mM dithiothreitol, pH 8.0), and loaded at
3 mL/min onto a 5 mL HiTrap Sepharose Q column (GE
Healthcare, Piscataway, NJ), preequilibrated with buffer
B. The column was washed with 10 bed volumes of buffer
B and the protein was eluted with a linear gradient
(20 bed volumes) of 0 to 1M NaCl in buffer B in 3 mL
fractions. Fractions that absorbed at 280 nm were visual-
ized on a 4–20% Criterion SDS-PAGE gel (Bio-Rad) and
fractions with a major protein with an apparent molecu-
lar weight of 10 kDa were pooled. The combined fractions
were concentrated to <2 mL and loaded at 1 mL/min onto
a Superdex 30 16/60 gel filtration column (GE Health-
care), preequilibrated with 20 mM Tris, 300 mM NaCl,
2 mM DTT, pH 8.0. Fractions (3 mL each) were collected
and the PF1455-containing fractions were pooled, concen-
trated to �500 lL, diluted to 6 mL with 20 mM Tris,
50 mM NaCl, 2 mM DTT, pH 8.0 (to give a final concen-
tration of �70 mM NaCl) and concentrated to �500 lL.
Approximately 40 lg of protein was run on an SDS-PAGE
gel to assess purity.

NMR Data Collection and Analysis
NMR sample preparation, including alignment

For measurements under isotropic conditions, a sample
of 16% 13C/U-15N labeled PF1455 was prepared at a con-
centration of 2 mM in 20 mM Tris and 70 mM NaCl at
pH 7. All samples also contained 2 mM DTT, 0.02% azide,
1 mM DSS and 10% D2O. An anisotropic sample is
required for the measurement of RDCs. After isotropic data
collection, the 16% 13C/U-15N PF1455 sample was used to
prepare two partially aligned samples to satisfy this
requirement. A sample with pf1 phage as the alignment
medium23 was prepared which contained 1.14 mM PF1455
and 10 mg/mL phage in 11 mM Tris and 40 mM NaCl.
After equilibration at room temperature overnight at 228C,
the sample showed a deuterium splitting of 8.8 Hz when
placed in the magnet. A second aligned sample was prepared
using C12E5 bicelles as the alignment medium.24 This sam-
ple contained 1.2 mM in PF1455 in 3% (w/v) C12E5/hexanol
at a molar ratio of 0.98 in 20 mM Tris and 70 mM NaCl at
pH 7. After equilibration at room temperature overnight at
228C, the sample showed a deuterium splitting of 13 Hz
when placed in the magnet. An additional isotropic sample
containing 15N PF1455 instead of 13C/15N PF1455 was also
prepared and used for the 15N edited NOE, TOCSY, and
HNHA experiments to be described below.

NMR data collection

NMR data were collected on a Varian Unity Inova 600
MHz spectrometer at 298 K using a conventional z-gra-

dient triple resonance probe or a z-gradient triple reso-
nance cryogenic probe (Varian, Palo Alto, CA). Two
experiments were run using the conventional probe for
measurement of RDCs: a soft HNCA-E-COSY7,25 and a
15N IPAP-HSQC.26 Data were acquired for the isotropic
and the pf1 phage sample using both experiments to
provide a complete set of 15N��1HN, 13CA��1HA, and
1HA��1HN RDCs. Only the 15N IPAP-HSQC data were
collected on the C12E5 sample to provide a partial data
set in a second alignment medium. Data collection for
the soft HNCA-E-COSY included 72 t1, 16 t2, and 2048
t3 points collected over 72 h. Data collection for the 15N
IPAP-HSQC included 256 t1 points, and 2048 t2 points
collected over 12 h. RDCs were calculated as the differ-
ence of the coupling measured in the aligned and iso-
tropic conditions.

For assignment purposes, a standard HNCAHA ex-
periment was collected on the isotropic sample. This
aided in making sequential residue connections. In addi-
tion, 15N-edited NOESY, 15N-edited TOCSY, and HNHA
data sets were collected on the isotropic 15N sample
using the standard probe and pulse sequences as imple-
mented in the spectrometers employed. The 3-D 15N ex-
periments were collected with 64 t1, 16 t2, and 2048 t3
points over 16 h. Chemical shift assignments were deter-
mined and used to assign RDCs to specific residues as
well as to assign NOE cross-peaks. NOEs involving HN��
Ha and HN��HN connections were identified for use in
energy minimization.

NMR data processing and analysis

All data were processed using NMRPipe and visual-
ized using NMRDraw.27 Peaks were picked using the
automatic picking procedure in NMRDraw. Arbitrary
assignments were automatically transferred in from the
HSQC and the splittings (J or J þ D) calculated using a
series of tcl scripts modified from NMRDraw. Intraresi-
due and interresidue designations were automatically
assigned for the HNCA-E-COSY based on the isotropic
3JHNHa value (zero for interresidue). Text files contain-
ing chemical shifts and splittings were inserted into a
mySQL database. A table of RDCs was generated from
the difference between splittings in aligned and isotropic
datasets.

Peaks in NOE and TOCSY data sets were automati-
cally picked in NMRDraw and manually analyzed to pro-
vide information on secondary structure and backbone to
backbone distance restraints. TOCSY spectra were man-
ually analyzed to determine amino acid types and these
were combined with Ca to Ca connectivities from the
HNCA-E-COSY experiment to make sequential assign-
ments. The NOEs were used along with Ca chemical
shifts and 3JHNHA scalar coupling values from the iso-
tropic soft HNCA-E-COSY experiment to identify second-
ary structure types.28 To aid in structure determination,
a set of short range and long range interresidue NOEs was
identified and treated more quantitatively. Peak inten-
sities were compared separately with average intensities
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of HA��HN and HN��HN peaks from regions known to
be in well defined a-helices and classed based on inten-
sities being the same or stronger than the HN��HN
standard (strong), the same as the HN��HA standard
(medium) or weaker than either (weak). Initially, chemi-
cal shift tables were used to identify interresidue NOE
cross-peaks that could be unambiguously assigned based
on chemical shifts. In making these assignments errors
of 0.1 ppm were used for both HN shifts and HA shifts.
After an initial refinement, additional interresidue NOEs
previously classified as ambiguous were resolved based
on distances between proton pairs that were incompati-
ble with observation of NOEs (>5 Å). These were used
in a second stage of refinement.

Modeling of the Structure of PF1455
Template identification using RDC-PROSPECT

To obtain starting structural models of PF1455, the
protein threading program RDC-PROSPECT15 was used
to find structural homologs in the SCOP29 database that
best match the experimental RDC data. No sequence
homology and secondary structure information was used
in RDC-PROSPECT in this prediction, so this is best
used in conjunction with conventional threading pro-
grams. Using only the 15N��1H RDC data from the
phage oriented set, RDC-PROSPECT identified the PDB
structures 1cc8 and 1dd3 as top hits. Using the 15N��1H
RDC data from C12E5 bicelle oriented set, the PDB
structures 1cc8 and 1fvq were identified. 1cc8 and 1fvq
both occur in lists from conventional threading (though
not at the top of the lists), while 1dd3 does not. More-
over, 1dd3, an all a protein, does not agree with NOE
and chemical shift patterns indicative of secondary
structure. Hence, only the coordinates of 1cc8 and 1fvq
were supplied to the homology modeling program MOD-
ELLER30 to produce starting points for PF1455 struc-
ture determination.

Refinement using XPLOR-NIH

Refinement of the initial structure was carried out by
implementing a simulated annealing protocol in the
XPLOR-NIH package.31 The initial stage, done in vac-
uum, used RDCs from both media (except for a set of
15% randomly excluded values to be used in validation),
the unambiguous set of short range and long-range
NOE data, and scalar HN��HA three bond couplings
from the HNCA experiment. The RDCs were treated as
harmonic constraints in the SANI module of XPLOR.
Weightings of various RDC data sets were chosen to give
convergence of back-calculated RDCs to approximately
the estimated error in measurement (4 Hz for HN RDCs).
Principal alignment parameters and rhombicity para-
meters were initially estimated from the distribution of
H��N couplings in each medium and then refined by
using order parameters back-calculated from the struc-
ture produced after the first cycle of minimization. These
alignment parameters were scaled to correct for the ex-
pected difference in sizes of C��H and N��H couplings

so that couplings could be entered as actual values in
Hz. A set of axis coordinates was added for each medium
and these were allowed to rotate freely with respect to
protein coordinates to adjust to the preferred orientation
of the alignment tensor. NOE constraints were employed
as flat-bottomed parabolas with upper limits at 2.7, 3.0,
and 5.0 Å for strong, medium and weak constraints. Tor-
sional constraints based on secondary structure identifi-
cation from TALOS32 and dihedral angles from idealized
structures were used along with molecular shape con-
straints (radius of gyration) to keep the protein struc-
ture compact.

For simulated annealing, the system was first equili-
brated at 400 K for 1000 steps, followed by 10000 steps
of cooling from 400 to 1 K. At the 1 K temperature step
the NOE force constant was increased from 2 to 50, the
dihedral constant was kept constant at 700, and dipolar
coupling force constant was increased from 0.005 to 2.
The annealing sequence was then repeated 20 times.
This cycle was started independently 100 times from the
predicted structure and the final set of structures over-
laid to give RMSD values for the backbone atoms. A
number of parameters (maximum temperature, number
of annealing cycles, weighting factors) were varied to
optimize the extent of convergence and exploration of
conformational space.

A second stage of refinement was performed by refin-
ing the protein structure in explicit water. The inclusion
of water can help in removing artifacts (if any) due to
unrealistic representation of molecular forces in the vac-
uum refinement. It can also facilitate the rearrangement
of certain bonds (hydrogen or electrostatic) that may
have higher costs of disruption in the vacuum simula-
tion. We used the water refinement protocol from Linge
et al.33 This consisted of three stages, a heating stage
from 0 to 400 K in steps of 100 K with 150 steps of mo-
lecular dynamics at each temperature, a short refine-
ment stage with 1000 steps at 400 K, and a cooling stage
from 400 to 0 K in steps of 20 K with 100 steps of molec-
ular dynamics at each temperature. This cycle was re-
peated four times, independently starting with each pre-
dicted structure from the refinement step in vacuum.
The final types and numbers of constraints used are sum-
marized in Table I along with error estimates and weight-
ing factors for various data types.

Assessment of structure quality

To assess the progress of refinement and validate final
structures, RDCs were back-calculated from structures
in each case using the program REDCAT,34 and these
were compared with experimental values. For valida-
tion, coordinates corresponding to the atom pairs giving
rise to the randomly excluded RDCs were entered into
the program and the best set of order parameters from a
fit to data used in refining the structure were used to
back-calculate RDCs. Calculated RDCs were then plot-
ted versus experimental RDCs and a quality factor35

was calculated to evaluate structure reliability.
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RESULTS

Given sequence homology and traditional threading
results indicating a probable unique structure, the ini-
tial intention was to proceed to a structure determina-
tion using a de novo structure determination method
such as our previously described backbone RDC ap-
proach.36 However, the limited numbers of RDC data
obtained, under sample conditions required for this pro-
tein, prevented convergence to a unique structure using
an approach based entirely on unassigned RDCs. In the
course of collecting additional data, we obtained suffi-
cient numbers of assigned RDCs to consider a second
round of screening for known structure motifs using
assigned RDC data as opposed to just sequence data.
There are now a number of programs that allow thread-
ing of new sequences through structural databases using
limited sets of experimental data.10,15 It makes a great
deal of sense to use such programs to screen for struc-
ture homology as new data are acquired. In this way,
structural homologs that may have been missed with
sequence-based screening can be found.

Data Collected

With additional assignments, some NOE data, and
some scalar coupling data, we were also able to deter-
mine secondary structure and use agreement with this
structure as validation for new predictions. Experiments
for the actual resonance assignment were chosen to be
compatible with the partial carbon labeling achieved in
media containing a mixture of C1 and C2 labeled glu-
cose. Partial labeling with 13C excludes experiments
relying on 13C��13C magnetization transfers, but for
small proteins this is not a severe limitation, and such
labeling simplifies measurements of certain RDCs. As a
first step, collections of resonances belonging to specific
residues were assigned to sequential positions in frag-
ments by matching the interresidue and intraresidue Ca
shifts from the HNCA-E-COSY experiment and the Ha

shifts from the HNCAHA experiment. The HNCA-E-
COSY experiment also gives RDC data that are described
below. In this manner, three fragments were generated
that corresponded to three regions of the amino acid se-
quence separated by proline residues. Assignment of the
fragments to the sequence using easily observed TOCSY
patterns for residues such as alanine, threonine, and
valine was relatively straightforward, and resulted in
sequence-specific backbone assignments of 85% of the
protein residues. No resonances were observed in any
spectra for residues G76 through K87 except for the C-
terminal residue A88, which is most likely the result of
increased dynamics in this region. This segment accounts
for nearly all missing assignments. Assignments for all
observed resonances have been deposited with the BMRB
(accession number 7073).37

RDCs were measured for PF1455 under phage and
C12E5 alignment conditions. After elimination of sets
contaminated by noise or spectral overlap, a total of 124
rdcs were available from the phage sample, 63 NH
RDCs from an IPAP-HSQC experiment and 61 HACA
RDCs from the HNCA-E-COSY experiment. A total of 54
NH RDCs were measured for the C12E5 aligned sample
from an additional IPAP-HSQC experiment.

Identification of a Structural Homolog

We chose the program RDC-PROSPECT to carry out a
homology search. It can use a variety of assigned RDC
data in a structural search15; however, we employed it
using just the set of HN RDCs from the phage medium
and the E12C5 medium. The PDB structures 1cc8 and
1dd3 were identified as the two top hits using RDC-
PROSPECT and the phage data. The PDB structures
1cc8 and 1fvq were identified as the top hits using the
E12C5 data. Analysis of secondary structure predictions
from additional NMR data allowed selection of preferred
structures for assignment. Analysis of the NOE patterns,
3JHNHA, and 13Ca and 1Ha chemical shift indices re-
sulted in the determination of the secondary structure
pattern of PF1455 [Fig. 1(a)]. This analysis suggests
that the protein contains four antiparallel b-strands and
two a-helices arranged in a b–a–b–b–a–b topology. This
topology matches 1cc8 and 1fvq very well, as depicted in
Figure 1. In particular, the sequence segments with red
chemical shift deviation bars and small coupling con-
stants, indicative of a-helices, overlay well with a-helical
segments in 1cc8 and 1fvq. Furthermore, the top tem-
plates predicted by the sequence-based threading pro-
grams, although having low confidence scores, belong to
the same protein structure family as 1cc8 and 1fvq.
Based on the common fold, the RDC-dependent predic-
tion results, and the sequence-dependent prediction
results, it is very likely that PF1455 is structurally ho-
mologous to 1cc8 and 1fvq, despite its low sequence
identities (11 and 4%). Therefore, we used the coordi-
nates of 1cc8 and 1fvq along with the homology model-
ing program MODELLER30 to produce initial structures

TABLE I. Parameters Used for the RDC
Restraints in XPLOR-NIH

Type of data
Total #
of data Sequential

Long
range

Force
constant

HN-Phagea 63 — — 4
HACA-Phageb 61 — — 4
HN-C12E5c 54 — — 8
Unambiguous NOEd 54 45 9 50
Secondary NOEd 37 18 19 50
Dihedral 116 — — 700
Radius of gyration — — — 50

aThe values of Rhombicity (R) and Anisotropy (Da) are �4.66 and
0.5288, respectively.
bThe values of Rhombicity (R) and Anisotropy (Da) are 8.06 and
0.5288, respectively.
cThe values of Rhombicity (R) and Anisotropy (Da) are 2.6 and
0.443, respectively.
dThere were six NOE violations in the refinement step.
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of PF1455. The initial structure from the 1cc8 template
is depicted in Figure 2(a).

Refinement of a Structural Model

The initial models of PF1455 (minus the C-terminal
12 residues for which no data were obtained) were
refined using XPLOR-NIH,31 first with the entire RDC
data set and the unambiguous NOEs, and then with all
RDCs and 91 NOEs as restraints. The small number of
distance constraints and the multiple minima inherent
in RDC-based constraints prohibit using a normal high
temperature simulated annealing protocol for this re-
finement.38,39 Since there is good reason to believe the
starting structures should be close to the final struc-
tures, a low temperature simulated annealing protocol was
used, followed by a water refinement step (see methods
section). This protocol was optimized to explore the max-
imum of unconstrained conformational space while still
allowing convergence of back-calculated RDCs to experi-
mental values (within experimental error). A trial start-
ing from the 1cc8 model and not using RDC and NOE
constraints produced a structure with a backbone RMSD

from the starting structure of 2.6 Å, indicating a reason-
able extent of structure exploration.

Application of the refinement procedure to the 1cc8
model using 85% of the RDC constraints and all of the
NOE constraints moved structures from RDC quality
factors of 0.75 and 0.96 for the initial structure in two
media to quality factors of 0.27 and 0.34 for the final
structure. These smaller values represent a significant
improvement in structural agreement with RDC data.35

In addition, only 2 of the 91 NOE constraints remained
in violation for the best structures. A plot of back-calcu-
lated versus experimental RDCs for the set of data used
in the above minimizations is given in Figure 3(a) and a
plot for the 15% randomly excluded data is given in Fig-
ure 3(b). The lowest energy refined structure was used
for back-calculations in each case. The scatter in the
plots approximately reflects the expected experimental
accuracy (4 Hz). The quality factor for the excluded data
is 0.62.

The refined structure of PF1455 produced from the
1cc8 model is presented in Figure 2(b). The structure
has preserved the two helices of the starting structure,
three of the four strands, and the backbone in other
regions lies close to the position of the original strands.
However, the first helix is shorter and the second helix
displays a somewhat different angle relative to the
strands. Overall, the backbone atoms show a 2.4 Å RMSD
deviation from the initial model. The structure shown is a
single minimum energy representation. However, this is
just one member of a set produced by starting the anneal-
ing protocol from the same initial structure 100 times. A
set of 10 overlayed, fully converged structures, is pre-
sented in Figure 2(c). This set shows a backbone RMSD
over the set that averages 1.5 Å. According to litera-
ture comparisons,32 1.8 and 2.5 Å X-ray structure would
yield a quality factor of 0.25. The quality factors for RDCs
given above suggest a structural precision of approxi-
mately 3 Å.

As an additional test of precision, we can compare a
structure refined starting from the 1fvq model. The initial
model from 1fvq deviates from the initial model from 1cc8
by an RMSD over backbone atoms of 3.3 Å and from the
final structure starting from the 1cc8 model by an RMSD
of 4.2 Å. After a refinement procedure similar to that used
for the 1cc8 model, the best structure starting from 1fvq
deviates from its starting point by an RMSD of 3.7 Å and
converges to within an RMSD of 3.4 Å of the final 1cc8
model. However, this structure has four as opposed to two
NOE violations. Three of these are in the 12–28 segment
that encompasses the first short helix, suggesting that
the annealing procedure is unable to properly position
this helix. If the N-terminus, including this helix is
excluded from comparison, the RMSD over backbone
atoms is 2.6 Å. Ramachandran analysis also suggests that
the 1fvq structure is of somewhat lower quality. For the
final structures starting from 1cc8 and 1fvq 62% and 58%
of the residues are in the most favored region, 25 and 27%
are in the additionally allowed region, 9 and 12% are in
the generously allowed region and 4 and 3% residues are

Fig. 1. (a) Secondary structure patterns for PF1455 were deter-
mined using 3JHNHA scalar couplings and chemical shift index of Ha
and Ca as shown in Figure 1(a). The secondary structure patterns of
the modeled proteins are depicted in Figure 1(b). The model for 1cc8
exactly matches the secondary structure pattern determined experi-
mentally.
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in the disallowed region. The set of structures shown in
Figure 2(c) for the 1cc8 model has been deposited with the
PDB (2F40).

DISCUSSION

The model of PF1455 presented in Figure 2(b), like
1cc8 and 1fvq, can be described as an a and b structure
with a ferredoxin-like fold [(b–a–b) 3 2], a very well
populated fold family. Nevertheless, it is now a struc-
tural representative in a small, but previously (structur-

ally) uncharacterized sequence-clustered family. The
structure produced is, of course, just a backbone struc-
ture, but it is of sufficient quality to not only identify
the protein fold, but also properly place residues on the
fold topology. The assignment of backbone resonances
and the backbone structure can also provide an excellent
starting point for more complete structural exploration
when this effort is justified. The backbone NMR assign-
ments will facilitate collection of additional sidechain
assignments and the backbone structure can be used to
reduce ambiguity in NOEs by setting limits on closest

Fig. 2. (a) Ribbon diagram of a threaded structure based on the
1cc8 template. The figure was generated with the program MOLMOL.
1cc8 was identified as one of the two best hits using RDC PROSPECT
and HN RDCs. (b) Ribbon diagram of the refined structure of PF1455.
(c) Backbone image of a set of 10 overlaid structures after the water
refinement step with the backbone RMSD of 1.54A over the sets.
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approach of protons on particular residue pairs. There is
also considerable research ongoing into methods for
building sidechains into experimental backbone struc-
tures.40–42 This is certainly successful with very high
precision backbone structures. The estimated precision
of backbone atom positions in our structures is close to
3 Å. It is unclear if this precision is adequate to use the
backbone as a basis for accurately building in side chain
positions.
Aside from purely structural interest, the backbone

structure produced provides an excellent starting point
for the identification of possible functional characteris-
tics. PF1455 is annotated as a hypothetical protein in
the TIGR database but can be classified as a heavy
metal binding/transport/detoxification protein stemming
from similarities between residues 12 and 60 of PF1455
and members of the InterPro43 IPR006121 family, a
large group represented in all three domains. However,
for PF1455 the similarity is characterized by a modest e
value (0.000755), and PF1455 lacks the two conserved
cysteine residues for metal-binding (it has no Cys resi-
dues). It does have three ExxE motifs, is negatively
charged (pI 4.9), and has an interesting D–E–D cluster
(residues 21, 46, 53) between the two a-helices that
could serve as a metal binding site. FprintScan44 shows
extremely weak similarity (e value of 2.4) for two
regions (residues 14–28 and 40–48) to the von Wille-
brand factor, type A (IPR002035). This is a three ele-
ment motif found in proteins including the integrin I
domain. These often form surface metal binding sites
that may be important in protein–protein interactions.
Having a structure for PF1455 allows a direct search

for other structural homologs. Using the DALI pro-
gram,45 the highest similarity score (7.2), was with
1mwy, an intracellular Zn transporting protein.46 The
next two highest scores (6.1 and 5.8) belong to a Cu

binding metallochaperone (1qup)47 and a Cu transport-
ing ATPase (1aw0).48 All of these proteins have similar
RMSD deviations of their backbones from the refined
PF1455 structure (2.2–2.5 Å) but have less than 10%
sequence identity.

The general notion of a protein involved in protein–
protein interactions and metal binding is supported to
some extent by biochemical data. PF1455 is predicted to
be part of a two gene operon that also contains PF1454,
which encodes a much larger Cys-rich protein (68.7 kDa,
11 Cys). Both of these genes are expressed in P. furiosus
under the usual laboratory growth conditions, as shown
by DNA microarray data.49 Their expression is also core-
gulated, as both are up-regulated in response to both
cold shock49 and iron limitation (Menon A., unpublished
data). PF1454 is a homolog of MoaA, which contains a
4Fe–4S cluster and is involved in the pathway that con-
verts GTP ultimately to tungstopterin, which is used in
the synthesis of iron-tungstoenzymes. Although tung-
sten is assimilated as the oxyanion rather than as a cat-
ion, it would not be unreasonable for PF1455 to serve as
an iron-dependent chaperone or regulator, perhaps bind-
ing ferrous iron via the carboxylates of the DED cluster.
Attempts to coexpress PF1454 and PF1455 and examine
their metal-binding properties are underway. Structural
work on PF1455 may thus have laid the groundwork for
future studies of the nature of protein–protein and
metal–protein interactions in pterin biosynthesis in
P. furiosus and related organisms.

CONCLUSIONS

Much of the current structural genomics initiative is
directed at the search for novel protein folds so as to fill
out fold space, or at least to provide structural represen-
tatives for families clustered on the basis of sequence.

Fig. 3. Plot of calculated RDC vs experimental RDC for NH and CAHA couplings from Phage and NH couplings from C12E5(PEG) media for a
constrained set (a) and a randomly 15% excluded data set (b). From the above data, three outliers were removed as they arise from regions lacking
recognizable secondary structure that are not likely to be well constrained by data on adjacent residues.
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The structure presented here does not contribute from
this perspective. However, by using a homology search
that incorporated a limited amount of experimental data
and a structure refinement procedure based on backbone
RDCs and NOEs, structural similarity to proteins with a
common fold was quickly identified and a backbone
structure was efficiently produced. This in turn led to
suggestions as to possible functional roles. With conven-
tional screening, a traditional NMR structure determi-
nation requiring three to four times more data acquisi-
tion time would have been undertaken, and it is unlikely
that this would have led to additional conclusions.
There are likely to be a significant number of proteins

for which a structural homolog can be identified or a
structure refined by the procedure described. A recent
analysis, which included the Pyrococcus furiosus ge-
nome, suggested that homologs for about 60% of the pro-
teins could be found by a combination of conventional
sequence and threading based searches.50 The refine-
ment procedures described should be applicable to a sig-
nificant fraction of the 60% judged to be small enough
for study by NMR (35% of the genes in the P. furiosus
genone (767 of 2198) are predicted to encode proteins of
less than 20 kDa).51 Excluding membrane proteins (20%)
and those that are too large for NMR, about 17% of the
total genome should have conventionally identified
homologs that can be refined using the methods
described (60% 3 0.80 3 0.35 ¼ 17%). While the single
application we have presented does not allow an esti-
mate of the success rate in finding homologs for the
remaining 40% of the genome, the large number of
new protein structures that fall into existing fold fami-
lies would suggest it to be high. Thus, it is clear that
routine application of experimentally assisted homology
searches, such as that presented here, should be consid-
ered as a part of future targeting of proteins for struc-
ture determination in structural genomics programs.
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